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Summary

In this study, trends of annual and seasonal surface air
temperature time series were examined for 20 stations in
Greece for the period 1955-2001, and satellite data for the
period 1980-2001. Two statistical tests based on the least
square method and one based on the Mann-Kendall test,
which is also capable of detecting the starting year of
possible climatic discontinuities or changes, were used for
the analysis. Greece, in general, shows a cooling trend in
winter for the period 1955-2001, whereas, summer shows
an overall warming trend, however, neither is statistically
significant. As a result, the overall trend of the annual
values is nearly zero. Comparison with corresponding
trends in the Northern Hemisphere (NH) shows that tem-
peratures in Greece do not follow the intense warming
trends. Satellite data indicate a remarkable warming trend
in mean annual, winter and summer in Greece for the
period 1980-2001, and a slight warming trend in annual,
spring and autumn for the NH. Comparison with the re-
spective trends detected in the surface air temperature for
the same period (1980-2001) shows they match each other
quite well in both Greece and the NH. The relationship
between temperature variability in Greece and atmospheric
circulation was also examined using correlation analysis
with three circulation indices: the well-known North
Atlantic Oscillation Index (NAOI), a Mediterranean
Oscillation Index (MOI) and a new Mediterranean Circula-

tion Index (MCI). The MOI and MCI indices show the most
interesting correlation with winter temperatures in Greece.
The behaviour of pressure and the height of the 500 hPa
surface over the Mediterranean region supports these
results.

1. Introduction

Analysis of air temperature data at global scales
with respect to climate change indicates a 0.4 °C
to 0.8 °C rise since 1860 (IPCC, 2001). Warming
since the mid-1970s has been particularly rapid
with all eight of the warmest years on record
occurring since 1983 (WMO, 1997; CRU,
1997). The 1990s are quite likely to have been
the warmest decade of the millennium in the
Northern Hemisphere (NH) while 1998 is likely
to have been the warmest year (IPCC, 2001). In
particular, summer temperatures in the NH dur-
ing recent decades have been the warmest in at
least six centuries. The average temperature near
the surface of the Earth in 1999 was the 5™ high-
est so far recorded, an estimated 0.33 °C higher
than the 1961-90 average (IPCC, 2001). In spite
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of ongoing research on climate change conducted
by various international agencies and universi-
ties, the question of whether rising global mean
air temperatures is caused either by increasing
emissions of greenhouse gases to the atmosphere
or by natural variability of climate has not been
answered satisfactorily.

In terms of analysis of satellite temperature
data a very slight warming trend since 1979,
has been observed in the lower troposphere, but
not to the extent shown by surface observations.
Major anomalies due to volcanic eruptions like
Pinatubo, and ocean current phenomena like
El Nino, are detected but overall the trend is
near zero, about 0.04 degrees Celsius warming
per decade for the 23-year period, 1979-2001
(Spencer, 2002).

Although regional differences are relatively
high, most of Europe has experienced rising
temperatures of about 0.8°C during the 20™
century (IPCC, 1996; IPCC, 2001). Analysis
of surface air temperature observed at stations
located in all regions of the Mediterranean
basin, indicates similar patterns to the global or
and hemispheric scale; namely a cooling during
the period 1955-1975 and a strong warming
during the 1980s and the first half of the 1990s
(Piervitali et al., 1997). However, the east—west
Mediterranean difference in air and sea surface
temperature trends is distinctive. Most of the
studies concerning air temperature in the Medi-
terranean discern a positive trend in the western
Mediterranean for the period 1950-1990, and
a negative trend in the eastern Mediterra-
nean for the same period (Parker et al., 1994;
Sahsamanoglou and Makrogiannis, 1992;
Nicholls et al., 1996), which reinforces the con-
cept of a Mediterranean Oscillation between the
western and eastern parts of the basin (Kutiel
and Maheras, 1998). The large-scale circulation,
however, has been found to play an important
role in temperature variability in the Mediterra-
nean. Cullen and de Menocal (2000) detected a
connection between the North Atlantic sector
and the southeastern Mediterranean, which is the
easternmost limit of the North Atlantic Oscilla-
tion influence on Mediterranean climate.

Regional climate variations, however, have
regional features that often do not match those
of the globe as a whole. Greece’s orography and
location in the eastern Mediterranean basin imply

strong influence from the local circulation. For
this reason the analysis of temperature changes
in this region may be suitable to identify such
differences. Indeed, Greece is differentiated from
the rest of Europe in that air temperature shows
a slight negative trend over the 20" century (IPCC,
1996; Mitchell and Hulme, 2000; Giles and
Flocas, 1984; Retalis et al., 1998). An overall
cooling trend was detected in the study of
Proedrou et al. (1997) for the majority of Greek
stations in winter over the entire period, 1951-
1993. The same cooling trend was also recog-
nized for the mean annual and summer values,
although a reverse warming trend was detected
around the mid-1970s at several stations. Ac-
cording to a more recent study by Luterbacher
et al. (2000), winter temperatures in Greece pres-
ent a cooling trend during the period 1957-1997.
The 1970s has been the coldest decade of the
20" century in Greece (Giles and Flocas, 1984;
Makrogiannis et al., 1998).

Many papers have been published dealing with
global scale climate, this paper, however, deals
with a regional scale investigation, referring spe-
cifically to Greece. The few published studies on
trend analysis of air temperature in the area of
Greece are based either on a single test or on
extended time series of temperature for a limited
number of stations. The primary aim of this study
is to examine the trends of the mean annual and
seasonal air temperature time series for all the
available stations in Greece (20), for the longest
common time period with homogenous tempera-
ture data (1955-2001), using three statistical
tests. Taking into account the size of Greece
and the even spatial distribution of the 20 sta-
tions, this sample may be considered as sufficient
to also account for the local differences. The
study also describes trend analysis of lower
tropospheric temperature data from satellite mea-
surements for the period 1980-2001 for Greece.
A comparison with the corresponding trends in
the NH is performed in order to examine whether
trends observed in surface based and satellite
temperature measurements in Greece match the
overall warming trend detected at the hemi-
spheric scale.

The secondary objective of this study is to de-
tect regional and large-scale mechanisms which
are responsible for the temperature trends
around Greece. Local changes in meteorological
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variables in mid-latitudes are mainly controlled
by the atmospheric circulation (Parker et al.,
1994; Hurrel, 1995; Hurrel and Van Loon, 1997).
As a consequence, a significant fraction of local
variability can be explained by large-scale oscil-
lation patterns. Concerning the Mediterranean
region, only a few studies exist of the relation-
ship between atmospheric circulation indices
and temperature (Cullen and de Menocal, 2000;
Kutiel and Maheras, 1998). Correlation analysis
is used to relate air temperature variability in
Greece with air-pressure patterns over the
Mediterranean. Atmospheric circulation is repre-
sented by three indices in this study: the well
known North Atlantic Oscillation Index (NAOI),
a Mediterranean Oscillation Index (MOI) based
on the 500hPa geopotential height records for
Cairo and Algiers, and a new Mediterranean Cir-
culation Index (MCI) constructed from surface
pressure records in Marseille and Jerusalem. In
addition, the patterns of pressure and height of
the 500 hPa surface over the Mediterranean re-
gion are also investigated and related to tempera-
ture trends over Greece.

2. Data and methodology

2.1 Temperature data

Monthly mean values of surface air temperature
for 20 stations in Greece are used for the period
1955-2001. Figure 1 presents the location of
the stations and Table 1 shows their coordinates

20° 22° 24° 26° 28°

Fig. 1. Map of Greece with the locations of the 20 stations
used in the study

Table 1. Geographical coordinates and altitude of the 20
stations

Station Latitude Longitude  Altitude

(m)

1. Aghialos 39°13'N  22°48'E 15
2. Agrinio 38°37N  21°25'E 46
3. Alexandroupoli 40°51'N  25°57'E 4
4. Araxos 38°10'N  21°25'E 14
5.  Florina 40°48'N  21°25'E 662
6. lerapetra 35°00'N  25°44'E 13
7. Toannina 39°40'N  20°51'E 484
8. Iraklio 35°20'N  25°11'E 48
9. Kerkyra 39°37’N  19°55'E 2
10. Kozani 40°20'N  21°48'E 625
11.  Kythira 36°08'N  23°00'E 167
12.  Larisa 39°38'N  22°25'E 73
13. Methoni 36°50'N  21°43'E 34
14.  Milos 36°43'N  24°25'E 182
15. Mytilene 39°04'N  26°35'E 5
16.  Nat. Obs. 37°58'N  23°43'E 107

Athens

17.  Naxos 37°06'N  25°24'E 9
18.  Skyros 38°54'N  24°33'E 4
19.  Thessaloniki 40°37'N  22°57'E 31
20.  Tripoli 37°33’'N  22°21'E 663

and altitudes. Observations were examined to
verify their homogeneity; this was first accom-
plished by selecting stations where the moni-
toring site has not been changed during the
period of the record. The Alexandersson test
(Alexandersson, 1986) was applied to examine
the homogeneity of the data from the remaining
stations. The Alexandersson test has the advan-
tage over other homogeneity tests in providing
information on the year of the possible shift in a
station time series without using complex math-
ematics. The relatively homogeneity is tested
by using nearby reference stations, with time se-
ries considered a-priori as homogeneous. In this
study, data from four stations (Alexandroupoli,
Irakleio, Mytilene, Methoni) were selected as
reference series since they are considered to
be homogeneous (no changes in instrumenta-
tion, observation practice and station site). The
remaining 17 stations were tested using the
reference series to which it showed the highest
correlation. In addition, the same test was also
applied without using reference time series. In
this case, a statistic 7(a) was used to compare
the mean of the first a years of the record with
that of the last n — a years, where n is the size of
the record.
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In the case series with a few missing observa-
tions at a station, the recorded values in neigh-
bouring stations with high correlation (r greater
than 0.8 at the 95% level of significance) were
used to complete the temperature record. Miss-
ing values were found in 9 stations ranging
from 1 to 12 monthly values in the entire data
set.

Finally, seasonal and annual mean tempera-
tures and their anomalies (departure from the
average of the 1961-1990 period) were calcu-
lated for each of the 20 stations. Annual temper-
ature was conventionally made to correspond
to the period from December 1% to November
30™ and dated by the year in which January oc-
curred. Winter temperature refers to the interval
December—January—February (and dated as for
the annual value), spring as March—April-May,
summer as June—July—August and autumn as
September—October—November.

The corresponding time series of temperature
departures from the average of the 1961-1990
period in the NH were also used. This dataset
is a combination of land air temperature anoma-
lies (Jones, 1994a) and sea surface temperature
anomalies (Parker et al., 1995) on a 5° x 5° grid-
box basis, developed by the Climatic Research
Unit (CRU). The dataset has been extensively
used in IPCC reports.

Satellite temperature data for the area of
Greece (20-28°E and 34-42° N) for the period
1979-2001, from the Microwave Sounding Unit
(MSU) on board the TIROS-N series of NOAA
polar orbiting satellites, were also used. In addi-
tion, the respective satellite data for the NH
derived by the MSU measurements (temperature
departures from the average of the 1979-2001
period) were used for comparison. The data
were adjusted for time-dependent biases by
NASA and the Global Hydrology and Climate
Center (GHCC) at the University of Alabama in
Huntsville and comprise monthly mean tem-
perature anomalies (departures from the average
of the 1979-2001 period) for the lower tropo-
sphere ranging from the surface to 8km up.
These data include all corrections: non-linear
diurnal adjustment, orbit decay, instrument-body
effects etc. Concerning the accuracy of the
MSU measurements, an excellent agreement
between the two independent, direct atmo-
spheric temperature measurements from radio-

sondes and satellites, has been found in recent
studies (Hurrel et al., 2000; Christy et al.,
2000).

MSU is a microwave atmospheric sounder
providing information on the distribution of
microwave radiation emitted by the atmosphere
from which vertical profiles of temperature
through clouds up to 20km in altitude, may be
obtained. In general, sounders operate in nadir
viewing mode and perform passive measure-
ments of the radiation only in a finite number
of channels aligned with the spectral features
associated with the species under observation.
In particular, MSU is a four-channel radiometer
making passive measurements in four regions of
the 5.5 mm oxygen region with a 115km hori-
zontal spatial resolution.

Finally, mean seasonal and annual temperature
anomalies (departure from the average of the
1979-2001 period) were also calculated from
the satellite data for the area of Greece and the
NH using the same method as with the ground
measurements. It should be mentioned that since
satellite data are available from January 1979, it
is not possible to calculate the mean winter value
of 1979; hence the period under examination is
limited to 1980-2001.

2.2 Pressure data

The pressure series used in this study to calcu-
late circulation indices and evolution of pressure
in surface and upper levels over the Mediterra-
nean region are Trenberth’s NH monthly sea-
level pressure (SLP) gridded values from the
National Center for Atmospheric Research
(NCAR) and the National Climatic Data Center
(NCDC) monthly station data set. Monthly SLP
gridded values were calculated on a 5° (72 x 15)
latitude x longitude grid, whereas the NCDC
monthly station data set consists of 4700 sta-
tion records. In addition, time-series of monthly
mean gridded 500 hPa height data on a 5° lati-
tude x longitude grid for the NH were used. This
grid was computed by Data Support Section
(DSS) of the University Center for Atmospheric
Research (UCAR) from the daily grids of var-
ious operational models and meteorological pro-
jects. The advantage of the gridded values is that
they are less sensitive to errors in single station
records.
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2.3 Statistical tests for trend analysis

In order to examine any possible trend in the time
series, the following three tests were applied:

i. The first test is the basic linear regression-based
model in which time ¢ (in years) is taken as the
independent variable and temperature Y,, is taken
as the dependent variable. Under the usual
regression assumptions, that is, when the resid-
uals are independent and normally distributed
with mean zero and variance o?, the estimated
standard error of slope b of the regression line
is given by

S (Y — a — br)?
$1b) = | = (1)
(n—=2)> (1—1)

t=1

1/2

where @ = Y — bt. The test of the null hypothes1s
H,:b=0 is based on the fact that b/3,(b) is
distributed as Student’s ¢ with n — 2 degrees of
freedom when the null hypothesis is true. In fact,
the hypothesis H,: b =0 is rejected when the
ratio 1, = b/%,(b) is greater than the critical
value 7, 5./, for a two-tailed #-test, where a is
the level of significance (95% or 99%).

ii. The second test constitutes a stricter criterion
since it assumes that residuals are not normally
distributed and there is autocorrelation among
them that has to be taken into account in the
regression analysis. In this case Grenander
(1954), Gryer (1986) and Bloomfield and
Nychka (1992) suggest a different method for
estimating the standard error of b that is not
based on the independent error assumptions of
regression analysis. Specifically, it can be seen
that the standard error of b is given by

0= {2 1) [

S50 ]}/ @)

s—2 t—1
where 7, denotes the k™ autocovariance of the
residuals E, given by

1 n—k
Ve = Z Z E: E; (3)
t=1

The disadvantage of the estimator in Eq. (2)
is that the estimated autocovariances <, are
quite biased for large k. The null hypothesis H,:

b=0 is rejected when the ratio t, = b/8,(b) is
greater than the critical value 7, ,.,/, for a two-
tailed r-test, where a is the level of significance
(95% or 99%).

iii. The third test applied was the Mann-Kendall
rank statistic test, as it is proposed by Sneyers
(1990). In particular, the Mann-Kendall rank sta-
tistic calculates all u(d;), 1 <i <n, through a
formula similar to the one referred by Michell
et al. (1966). Before applying the test, the num-
ber m; of terms Y; in the series preceding each
term Y; (i > j), is calculated such that Y; <Y,
The statistical test d; is then given by the sum
of the i first terms:

dl' = Zm,' (4)

and its distribution function under the null
hypothesis is asymptotically normal, with mean
and variance:

E(dy) =i(i —1)/4, 5)
var(d;) = i(i — 1)(2i +5)/72

Finally, the test calculates all u(d,), 1 <i <n,
given by the equation:

u(di) = [di — E(dy)] v/ var(dy) ()

The null hypothesis H,: b =0 is rejected when
the final value u(d,,) of the u(d,) statistics for i =n
is greater — in absolute value — than 1.96 for a
two-tailed test at 95% level of significance and
2.58 for a two-tailed test at 99% level of signifi-
cance, where n is the length of the time se-
ries. The graphical representation of all u(d,),
1 <i<n,is denoted as C,.

The Mann-Kendall rank statistic is considered
the most appropriate (Goosens and Berger, 1986)
for the analysis of trends in climatological time
series or for the detection of a climatic disconti-
nuity, which according to Michell et al. (1966),
is “a climatic change that consists of a rather
abrupt and permanent change during the period
of record from one average value to another”. In
order to localize the beginning of the change, the
same principle applied for the u(d;) statistic is
adapted to the retrograde series. The graphical
representation of the retrograde series u/(d;),
is denoted as C,. When the values of the u(d;)
become significant (greater than 1.96 for a
two-tailed test at 95% level of significance), an
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increasing or decreasing trend can be observed
depending on whether u(d;) is increasing or
decreasing. In the absence of any trend in the
series, the curves C; and C, generally overlap
several times. However, in the case of a signifi-
cant trend, the intersection of these curves local-
izes the change and allows the identification of
the year when the trend or change starts.

2.4 Pressure indices

We used some circulation indices with the aim
of relating the variability of air temperature with
air-pressure patterns over the Mediterranean. The
air-pressure station series used to construct the in-
dices were tested by means of the Alexandersson
homogeneity test (Alexandersson, 1986). Three
indices were used in this study, the NAOI, the
MOI and the MCI. The NAOI and MCI were
obtained on a monthly basis as differences be-
tween standardized SLP station anomalies where-
as the MOI is defined as differences between
standardized 500 hPa geopotential height station
anomalies.

a. NAOI The North Atlantic Oscillation (NAO) is
one of the large-scale modes of climate variability
in the NH. It defines a large-scale meridional
oscillation of atmospheric mass between the cen-
ter of subtropical high surface pressure located
near the Azores and the subpolar low surface
pressure near Iceland. Synchronous strengthening
(positive NAO state) and weakening (negative
NAO state) have been shown to result in distinct,
dipole-like climate change patterns between
western Greenland/Mediterranean and northern
Europe/Scandinavia (Walker, 1924; Walker and
Bliss, 1932; van Loon and Rogers, 1978; Rogers
and van Loon, 1979). In particular, a positive
(negative) NAO is the result of a strong (weak)
meridional pressure gradient leading to a colder,
dryer (warmer, wetter) Greenland /Mediterranean
sector and a warmer, wetter (colder, dryer) north-
ern Europe/Scandinavia sector. A positive NAO
implies more meridional storm tracks while a
negative NAO implies more zonal storm tracks,
which ultimately penetrate into the Mediterra-
nean Sea (Alpert et al., 1990). Accounting for
greater than one-third of the total variance of
the SLP field over the North Atlantic, the NAO
is most pronounced during the winter months

because of an increased sea—air temperature con-
trast (Barnston and Livezey, 1987).

Because the signature of the NAO is strongly
regional, a simple NAO index was defined as the
difference between the normalized mean winter
SLP anomalies at locations representative of the
relative strengths of the Azores High and the
Icelandic Low. Hurrell (1995) investigated the re-
lationship between variations in the NAOI and
the decadal trends in NH temperature and pre-
cipitation, successfully demonstrating the exis-
tence of a climate dipole. Results of the study
performed by Cullen and deMenocal (2000) pro-
vided evidence that the NAO is not limited to
the classic dipole, but rather extends beyond
the north Atlantic and into the Middle East. They
found that composite temperature and precipita-
tion anomaly indices for the period 1930-1995
are significantly correlated with the NAOI.

In this study, seasonal (DJF, MAM, JJA, SON)
indices of the NAO were based on the difference
of normalized SLP between Ponta Delgada,
Azores and Stykkisholmur/Reykjavik, Iceland
since 1865, provided by the National Center of
Atmospheric Research (NCAR) and is an update
of the time series published in Hurrell (1995).
The SLP anomalies at each station were normal-
ized by division of each seasonal mean pressure
by the long-term mean (1865-1984) standard
deviation. Normalization is used to avoid the se-
ries being dominated by the greater variability of
the northern station.

b. MOI. Conte et al. (1989) first described the
‘Mediterranean Oscillation’ (MO) as a telecon-
nection pattern with opposite pressure and rain-
fall anomalies between the central-western and
eastern Mediterranean area. This dipolar oscilla-
tion in pressure patterns was further observed
by several other researchers (Colacino and
Conte, 1993; Piervitali et al., 1999; Kutiel et al.,
1996; Douguedroit, 1998; Maheras et al., 1999a;
Maheras and Kutiel, 1999). They introduced
the MOI to describe this oscillation. It explains
annual precipitation variability in the Mediterra-
nean basin better than the NAOI. It concerns the
pattern of the 500 hPa surface height monitored
by the soundings at stations in Algiers and Cairo,
assumed as representative of the Western and
Eastern basin, respectively. When the pressure
increases in the Western basin it decreases in
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the Eastern one and vice versa. This seesaw char-
acterizes the Mediterranean Oscillation (MO).
However, only the connection between the MO
and the rainfall series in the Central-Western
Mediterranean has been investigated up to now.
The index used by Conte et al. (1989) to define
the MO was the difference of normalized geopo-
tential height anomalies of the 500 hPa surface at
Algiers and Cairo. In fact, in order to calculate
the Mediterranean Oscillation Index (MOI), we
used the gridded reanalysis data provided by
the DSS of UCAR, since the available data for
Cairo and Algiers were incomplete. Drawbacks
of using these data are that they are available
only for the last 50 years and they describe a
bipolar pattern using only one station’s series.

c. MCI. In order to obtain an index more suitable
for the central Mediterranean, Brunetti et al.
(2002) defined a new index, the Mediterranean
Circulation Index (MCI), as the normalized sea
level pressure difference between one station lying
in the northwestern Mediterranean and another in
the southeastern Mediterranean. According to the
quality (homogeneity and length) of the series,
they selected the stations of Marseille and
Jerusalem. As with the MOI, the correlation of
the MCI with air temperature series has not been
yet examined. In this study, the MCI was calcu-
lated using the NCDC monthly station data set.

3. Results

3.1 Temperature trends in surface
observations

The three statistical tests were applied to the
mean annual and seasonal time series of all the
20 stations for the period 1955-2001. The slope
of the regression line was estimated by the linear
regression analysis of the first test. Table 2 pro-
vides the magnitude of the linear trends and the
values of the statistics 7, t, and u(d,,) for the
annual and seasonal means of winter and summer
(i.e. the main seasons rather than the transitional
ones). Trends are considered statistically signifi-
cant at the 95% level of significance — presented
in bold and underlined characters in the table —
when identified as such by the regression-based
model and by at least one of the other two tests.
This is due to the fact that the regression model

provides statistically significant results in every
case in which two or three tests result in a statis-
tically significant trend. There are only a few sta-
tions with all three tests resulting in a statistically
significant trend. The strict second test returns
results that are not statistically significant in six
summer series in contrast to the results of the other
two tests. The correlogram of these time series
shows an autocorrelation of the residuals at lag 1
with the exception of two stations (Aghialos and
Kozani) in which no significant autocorrelation
was found. As a consequence, the statistical sig-
nificance of the trend in the summer series of these
four stations is questionable, according to the
more statistically rigorous second test.

The winter, summer and annual temperature
time series, along with the 5-year moving aver-
age and the linear trend line, were graphically
represented for each station but only the plots
for Mytilene are presented here (Fig. 2).

Figure 3 presents the spatial distribution of the
slope b (in °C/year) of the regression analysis for
the annual and seasonal means (i.e. the main sea-
sons since the transitional ones possess no statis-
tically significant trend). The light grey areas
indicate a significance level greater than 95%.
Analysis of the full range of time series plots as
well as Table 2 and Fig. 3, shows the warming or
cooling trend at each station. No overall trend pat-
tern is evident in the annual time series for the
period 1995-2001 since there are stations with
either a warming or cooling trend that is not sta-
tistically significant. In the winter time series, the
cooling trend dominates in the majority of the sta-
tions; however, only 7 stations out of the 20, dis-
tributed mainly in western Greece and the southern
Aegean Sea (Crete), present significant trends. For
the same period, summer time series exhibit an
overall warming trend for all stations; however,
only 8 stations, located mainly in the Aegean Sea
and eastern Greece regions, present statistically
significant trends. Note that, in general, stations
exhibiting significant trends in summer and winter
are distributed over different parts of Greece. This
indicates that a significant trend in a summer series
determines to a great extent the pattern of the trend
in the respective winter series and vice versa.
Finally, no distinct overall trend was found for
the time series of the transient seasons (spring
and autumn) in which no-one station showed a
statistically significant trend (not shown).
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According to these results, it is clear that win-
ter and summer exhibit a distinct overall trend in
temperature time series. However, the temporal
pattern and spatial distribution of the trend are
different in each season. Winter shows an overall
cooling trend whereas summer shows an opposite
trend. The absence of a distinct overall trend in
the annual values is due to the counterbalance of
the two opposite trends.

The previous results cannot be thoroughly
evaluated without a comparison with the corre-
sponding trends in the NH in order to examine

1991 -

1993 -

Fig. 2. Observed, 5-year moving average and
trend line of winter, summer and annual mean
air temperature at the station of Mytilene for
the period 1955-2001

1995 -
1997 -
1999 -
2001 -

whether temperature trends in Greece match the
overall warming trend detected at the hemi-
spheric scale. The corresponding temperature
time series for the NH are available as anomalies
from the average of the 1961-1990 period, as
this makes merging much easier. For comparison
reasons, mean seasonal and annual temperature
anomalies were also estimated for each of the 20
Greek stations and were averaged to derive the
corresponding time series at the national scale.
Presence of trend in each series was examined
by applying the three statistical tests used in
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Winter

Fig. 3. Spatial distribution of the slope b (in °C/year) and
significance levels (light grey levels indicate a significance
level greater than 95%) of the regression analysis for the
annual, winter and summer means (1955-2001)

the previous analysis and the results are pres-
ented in Table 3 for the mean annual, winter
and summer series and plotted in Fig. 4. Table 3

indicates that temperature trends averaged over
Greece do not match the statistically significant
warming trends detected in annual and seasonal
time series in the NH. In particular, winter series
in Greece present a clear cooling trend, where-
as, summer series exhibit an equivalent overall
warming trend, but both seasonal trends are not
statistically significant. As a result, the overall
trend of the annual values is nearly zero. Finally,
there is no distinct overall trend in the transient
seasons (not shown).

Figure 4 shows a differentiation after the mini-
mum in the annual values during the mid-1970s
as the following warming trend was lower in
Greece compared to the respective trend of the
NH. This seems to be the result of the continuous
cooling trend in the winter values in Greece dur-
ing the entire period (1955-2001) in contrast to
the winter temperature values for the NH, which
began to increase after the mid-1970s (see Fig. 4).
Summer series show a warming trend and a sim-
ilar pattern for both areas, though this trend is
not statistically significant for Greece. 1976 was
the coldest year in both Greece and the NH for
the period under examination. 2001 was the
warmest year for Greece and 1998 for the NH.
There is a rapid increase in temperature during
the last four years of the period. The temporal
behaviour of winter temperature anomalies in
Greece is quite different to the corresponding
patterns in the NH. The winter of 1992 was ex-
tremely cold and the winter of 1955 was ex-
tremely hot for Greece whereas the respective
years for the NH were 1972 and 1998. On the
contrary, extreme values for summer tempera-
ture anomalies are coincident for both areas. In
particular, 1976 was the coldest and 1998 the
warmest summer in both series. It is worth no-
ticing again that the last four summers of the
period 1955-2001 were the warmest during the
whole period, contributing to a large extent to
the respective high annual values.

It is not surprising that the temperature data
over Greece do not match the overall hemi-
spheric trend. It is well known that regional cli-
mate change is far from being homogeneous due
to regional and large-scale atmospheric and oce-
anic transfer mechanisms. In addition, long-term
linear trends may be superimposed by decadal —
and shorter — scale variability, which also varies
regionally.
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Table 3. As Table 2 but for temperatures averaged over Greece and Northern Hemisphere. (Statistically significant cases at 95%
level of significance, provided by at least two tests, are presented in bold and underlined characters)

Winter Summer Annual
b n 15 uld,) b n 7] u(d,) b n 7] u(d,)
Greece -0.015 -176 -2.00 -—-1.42 0.013 212 1.08 1.60 0.000 -0.07 -—-0.05 -0.52
Northern 0.013 4.66 2.77 3.93 0.010 5.58 2.63 3.69 0.011 6.41 3.22 4.69
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Fig. 4. Observed values, 5-year moving average and trend line of winter, summer and annual air temperature anomalies
(departure from the average of the 1961-1990 period) in Greece and Northern Hemisphere for the period 1955-2001

A similar graphical analysis to that for the beginning of trend or change where present. Plots
temperature series was applied to the u(d;) and for Mytilene are given in Fig. 5. Analysis of the
u'(d;) statistics (curves C, and C, respectively) of full range of figures shows the warming or cool-
each station, in order to identify the intersection ing trend per station, as well as the approxi-

of the curves and thus allow detection of the mate year when an abrupt temperature change
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occurred. This information is summarized in
Table 4 for the mean annual and seasonal series.
Increasing and decreasing trends are represent-
ed by (4) and (—) respectively; each station is
characterized by a year which reflects the initia-
tion of a warming or a cooling trend. In some
stations a second year is added, reflecting a year
when a new change or trend was observed.
Brackets in this year indicate that the change is
not statistically significant at the 95% level. In
addition, the asterisk in some stations denotes
that there is no climatic change for the period.
Table 4 indicates that a cooling trend for
annual values began in the early 1960s in half
of the stations. A cooling trend for winter values

the station of Mytilene for the period 1955-2001

began in the majority of the stations in the early
1960s whereas in some stations the trend began
in the early 1970s. Summer time series may be
divided into two categories. The stations in the
first category present a cooling trend beginning
around the late 1950s. Reversals in this cooling
trend, though not statistically significant, are
observed in the late 1990s. The second category
comprises stations with a warming trend just in
the last four years of the 1990s. It is worth notic-
ing that these stations were found to exhibit a
statistically significant warming trend for sum-
mer values over the entire period. As a conse-
quence, this significant warming trend seems to
be caused more by the very high temperatures in
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Table 4. Approximate year of beginning of the warming or cooling according to the sequential version of Mann-Kendall rank
statistic for mean annual and seasonal air temperature (1955-2001)

Station Winter Spring Summer Autumn Annual
Aghialos * * 1997+ 1965— (1999+) *
Agrinio 1974— * 1957— (2000+) 1967— 1958—
Alexandroupoli 1961— * 1998+ * *
Araxos 1963— 1958+ (1970-) 1963— (1998+) 1964 — 1964—
Florina 1961— * 1957— (2000+) 1967— (2000+) 1963—
lerapetra 1971— 1964— * 1961— 1964—
Ioannina 1963— * 1958— (2000+) 1968 — 1964—
Iraklio 1964— * * * 1967—
Kerkyra * * * 1963— (1998+) *
Kozani * * 1997+ 1968— (2000+) *
Kythira 1961— * 1996+ * *
Larisa 1961— * 1959+ (1998+) 1968 — 1962—
Methoni 1971— 1956— (1971+) 1963— (1998+) 1964— 1967—
Milos 1963— 1970— * 1962— *
Mytilene 1961— * 1998+ * *
Nat. Obs. Athens 1956— * 1998+ * *
Naxos * * 1995+ * *
Skyros 1972— * 1994+ 1968— (2000+) *
Thessaloniki 1961— * 1958— (2001+) 1969— 1963—
Tripoli 1961— * 1956— (1998+) 1964— (1999+) 1962—
* No abrupt change at the 95% level of significance
+ Means a warming
— Means a cooling
( ) Approximate year of a new change in a trend which is not statistically significant
Table 5. As Table 4 but for temperatures averaged over Greece and Northern Hemisphere

Winter Spring Summer Autumn Annual
Greece 1962— 1964— 1957— (1997+) 1964— 1964—
Northern Hemisphere 1989+ 1988+ 1994+ 1990+ 1990+

the last four years rather than by a regular posi-
tive trend. The majority of the stations do not
present any abrupt climate changes in the spring
series, whereas a cooling trend began in many
stations in the mid-1960s in autumn and in some
of them was reversed during the late 1990s.
These findings are also supported by the results
of the sequential Mann-Kendall analysis when
applied to the seasonal and annual temperature
anomalies averaged over Greece (see Table 5
and Fig. 6). In particular, winter, spring, autumn
and annual series exhibit a cooling trend, which
began in the period 1962—-64. The cooling trend
in summer began in 1957 and started to be re-
versed after 1997. According to Fig. 6 and Table 5,
the NH is mainly different to Greece due to the
distinct warming trend in both seasonal and
annual temperatures over the period 1955-2001

which seems to be caused mainly by the very high
temperatures prevailing after 1988. Even though
there is no overall warming trend at the national
scale in Greece, it seems that after 1997 the coun-
try has entered period with a warm summer sea-
sons that is in step with the abrupt climatic change
observed in the NH since 1994 (see Table 5).

3.2 Temperature trends in satellite
data series

The same analysis was applied to the satellite data
in order to define any trend and years of a possi-
ble climatic discontinuity. Table 6a provides the
magnitude of the linear trends for the annual and
seasonal means for Greece and the NH, for 1980—
2001. The annual, winter, and summer temperature
series and the linear trend are shown in Fig. 7. The
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satellite time series for Greece shows a remarkable
warming trend in the mean annual, winter and
summer series. At the hemispheric scale, a warm-
ing trend is also discernible in the annual series,
which is determined mainly by the respective
increasing trend in the transitional seasons (spring
and autumn). The magnitude of the warming trend
found over Greece is, however, significantly larger
than over the NH. According to the previous re-
sults, even though tropospheric temperatures are
warming in both, Greece and the NH, the magni-
tude of the linear trends are significantly different.
The results of the sequential Mann-Kendall analy-
sis when applied to the seasonal and annual tem-
perature anomalies from satellite over both areas,
showed that the warming trend found in tropo-

spheric temperatures for 1980—2001 started earlier
in Greece (1988 for Greece and 1995 for the NH).

Comparison of the satellite and surface
temperature series for the same period (1980-
2001) (see Table 6b) match quite well for both,
Greece and the NH, with only a difference in
winter. The NH shows a warming trend in the
annual temperatures from satellite for the lower
troposphere which is slightly lower than for the
surface records. This unexpectedly small differ-
ence (less than 0.08 °C per decade for annual
values) between the satellite and surface based
series 1s lower than the respective difference in
the global temperatures (roughly 0.20 °C per de-
cade). In contrast to the results for the NH, the
satellite data for Greece show a warming trend
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Table 6. Values of the slope b (in °C/year) of the regression analysis for seasonal and annual mean (a) satellite induced
tropospheric temperature and (b) observed surface temperature for Greece and Northern Hemisphere for the period 1980-2001.
(Statistically significant cases at 95% level of significance, provided by at least two tests, are presented in bold and underlined

characters)
Winter Spring Summer Autumn Annual
(a) Satellite induced
Greece 0.071 0.044 0.071 0.028 0.054
Northern Hemisphere 0.009 0.021 0.019 0.023 0.018
(b) Surface observed
Greece 0.035 0.045 0.081 0.026 0.046
Northern Hemisphere 0.020 0.025 0.027 0.022 0.024
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winter, summer and annual mean in Greece and North Hemisphere for the period 1980-2001

in tropospheric annual temperatures, which is
slightly higher than in the surface temperature
records. This difference is exclusively due to the

respective large warming trend in winter tem-
peratures over Greece, which is not present in
the NH satellite data.
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This differences between surface temperature
measurements and satellite tropospheric tempera-
tures have at least three possible interpretations
(Santer et al., 2000). First, they may be an arti-
fact, primarily related to residual data quality
problems in either the surface or satellite data.
Second, the difference may be real and due to
the effects of natural internal variability and/or
external forcing. Notice that satellite data reflect
the average temperature of an atmospheric layer
ranging from the surface up to 8 km in altitude
whereas data from ground stations express the air
temperature at 2m above the surface. A third
possibility is that some portion of the observed
discrepancy is related to coverage differences
between the satellite and surface temperature
data. Several other reasons have been proposed
by other researchers. The troposphere was found
to show much larger variations to forcing from
great volcanic eruptions, as El Chichdon in 1982
and Mount Pinatubo in 1991, and carries the influ-
ence for a longer period (Christy and McNider,
1994; Jones, 1994b). In addition, the tropospher-
ic temperature is highly influenced by the tropi-
cal region, while the surface record responds to
the NH land distribution (Hurrel and Trenberth,
1998). Another possible reason is that the surface
temperatures have warmed more than maximum
temperatures, but the night-time inversions do
not transmit this information to the troposphere
(Hurrel et al., 2000). According to Trenberth et al.
(1992), the land inversions de-couple the sur-
face and the troposphere during the winter in
the NH. All of these interpretations are not
mutually exclusive.

3.3 Pressure evolution at the surface
and upper levels in the Mediterranean Sea

The temperature trends identified over the Greek
region can be related to the atmospheric circula-
tion over the Mediterranean area by examining
the evolution of sea-level pressure and the height
of the 500 hPa surface. Figure 8 presents the sea-
level pressure (SLP) trend slope over the Medi-
terranean Sea, for individual seasons for the
period 1955-2001. Trend slopes were calculated
by using Trenberth’s NH monthly SLP gridded
values from NCAR. The significance level was
calculated using the linear regression-based
model. The light grey areas indicate a signifi-

cance level greater than 95%, and the dark grey
areas indicate a significance level grater than
99%.

A positive annual trend (up to 0.04 hPa/year)
with highly significant values over the entire
Mediterranean basin is evident (Fig. 8a). The pos-
itive trend over the Mediterranean is mainly due
to winter where the slope is up to 0.12 hPa/year
(Fig. 8b), spring contributes less, with slopes
up to 0.06 hPa/year (Fig. 8c). The positive pres-
sure trend prevailing mainly over central-western
parts of the Mediterranean agrees with the hy-
pothesis (first proposed by Colacino and Conte,
1993) of an increase in the number and persis-
tence of anticyclones in the region in recent de-
cades, particularly during the winter.

In summer, the significant positive pressure
trend is limited to the southeastern Mediterra-
nean, the Middle East and Turkey (up to
0.04 hPa/year). During this season the local cir-
culation of Etesean winds dominates over Greece
as the thermal low of India extends over the
southeastern Mediterranean, resulting in a north
to northeasterly low-level airflow over Greece,
which cools the area. The increasing trend in
pressure indicates a less frequent expansion
of the low over the southeastern Mediterranean
and therefore a weakening of the Etesian winds
and a subsequent increase in summer tempera-
tures. This is in agreement with the decreasing
frequency of the weather types which are respon-
sible for the appearance of airflows bringing
Etesean winds during the period 1958-1997,
found by Maheras et al. (2000). The main
increasing — though not strong — trend of the
anticyclonic circulation types in summer over
Greece (Maheras et al., 2000) supports this
assumption and can be correlated with the gen-
eral warming (but not statistically significant)
trend found over Greece in this study.

Maps of the trend slope of the 500 hPa surface
height over the Mediterranean Sea, for individual
seasons, and for the period 1955-2001, are pres-
ented in Fig. 9. Trend slopes were calculated
using the time-series of monthly mean gridded
NH 500 hPa height data from UCAR. The results
show a highly statistically significant increase
of the annual 500hPa surface height (up to
0.8 m/year) covering the Mediterranean basin
(with the exception of its south-eastern part)
reaching the highest value over the central-
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Fig. 8. Maps of sea-level pressure trends (hPa/year) and significance levels (light grey levels indicate a significance level
greater than 95%, and the dark grey areas a significance level greater than 99%) over the Mediterranean in the period 1955—
2001: (a) year, (b) winter, (c) spring, (d) summer and (e) autumn

western Mediterranean (Fig. 9a). This positive
trend over the central-western Mediterranean is
mainly due to the winter season where the slope
is up to 1.6 m/year (Fig. 9b), whereas the sum-
mer and autumn season contributes to a lower
extent, with slopes up to 0.6 m/year (Fig. 9d, e).

The positive trends are consistent with the
respective increase in sea-level pressure for win-
ter season and the year (Fig. 8). This is due to the
strengthening of the southwesterly jet over the

North Atlantic area; the western-central Mediter-
ranean lies to the southeast in the right exit zone
of this jet. This leads to an ageostrophic cross-
isobar, northwest—southeast mass transport and
therefore a rise in pressure in the lower tropo-
sphere, due to imbalance of the flow in the north-
eastern diffluent zone of this jet (Ryd-Scherhag
divergence theory; Scherhag, 1948, 1952;
Wanner et al., 1997). The observed rise of pres-
sure, both at surface and upper levels, is likely to
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Fig. 9. Maps of the 500 hPa geopotential trends over the Mediterranean (m/year) and significance levels (light grey levels
indicate a significance level greater than 95%, and the dark grey areas a significance level greater than 99%) over the
Mediterranean in the period 1955-2001: (a) year, (b) winter, (c¢) spring, (d) summer and (e) autumn

be related to an increase of the frequency and per-
sistence of anticyclones, particularly during the
winter, that could be attributed to the Azores an-
ticyclone (Colacino and Conte, 1993; Piervitali
et al., 1997). The reduced thermal gradient
between equatorial and polar latitudes, correlated
with the enhancement of the greenhouse effect,
could create an expansion of the subtropical
anticyclonic belt (Webster, 1991). This process

could also involve the Azores anticyclone, which
should be more frequently observed in the
Mediterranean region. As a result, a number of
depressions that used to move along the meridio-
nal axis of the Mediterranean in winter, now
move to the north.

The general cooling trend, although not signif-
icant, that occurs in winter over Greece is in
accordance with the increasing trend of SLP over
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the area, a fact that is linked to an overall winter
cooling in the Balkans (Leroux, 1993). For the
eastern Mediterranean in particular, a decrease in
cyclonic circulation is observed since 1960 for
winter which can be connected to a change in
the zonal circulation index for the North Atlantic
and Europe (Sahsamanoglou and Makrogiannis,
1992). In particular, the winter cooling over
Greece area can be attributed to the enhanced
frequency of northwest or northeast continental,
dry and cold airflows over Greece from northern
Europe and western Russia. These flows are
connected with the increase of the frequency
and persistence of anticyclones over the central
Mediterranean and Balkans (Maheras et al.,
1999b). The winter geopontential height field in
Fig. 9b supports these results.

3.4 Circulation indices and air
temperature in Greece

Table 7 shows the correlation coefficients
between annual and seasonal temperature, spa-
tially averaged over Greece and the three
circulation indices, NAOI, MOI and MCI. The
correlation coefficients for all three indices are
significant only in winter, due to the more coher-
ent large-scale circulation typical for this season,
and reveal a negative correlation with air tem-
perature in Greece. The MCI and MOI explain
more temperature variance in winter than the
NAOIL. In particular, a high significant correlation
is evident for winter, with the proportion of
explained variance being up to 37% for MCI
and 31% for MOI. The previous results indicate
that the Mediterranean oscillation in pressure
patterns, either at the surface or at upper levels,
is more representative of air temperature vari-
ability in Greece than the NAO and can be con-
sidered as a climatic forcing factor.

The link between temperature variability over
Greece with regional (MCI and MOI) and large-

scale (NAOI) oscillation modes is very reasonable
from a physical point of view. A positive (nega-
tive) MCI in winter is the result of strong positive
SLP anomalies prevailing over the western-
central Mediterranean which induce a strong
(weak) zonal pressure gradient leading to an
enhanced (decreased) frequency of dry and cold
airflow over Greece. As a result, during positive
(negative) MCI values, winter in Greece becomes
significantly cooler (warmer). In winters with
positive MOI values, strong positive geopotential
height anomalies prevail over the western-
central Mediterranean, whereas negative anoma-
lies are dominant over the eastern Mediterranean,
extending northward to Russia. Anomalous mid-
tropospheric northerly to northeasterly air cur-
rents from northern Europe and western Russia,
driven by the high, are connected with the cooler
air temperature over Greece (see also Fig. 9b).
Analogously, opposite synoptic processes, with
reverse climate behaviour, occur with negative
MOI values as hot and dry air masses enter the
eastern part of the Mediterranean (Kutiel and Paz,
1998; Krichak et al., 2000). Compared to the
NAOI, the significantly higher correlation coeffi-
cient with the MCI implies that it is a better index
for studying the relationship between winter tem-
perature in Greece and pressure patterns. The
Mediterranean oscillation patterns must not be
seen as independent large-scale circulation
modes, however, since they correlate significantly
with the NH modes of the NAO (Diinkeloh and
Jacobeit, 2003). On the other hand, they do not
coincide with the NAO, but rather comprise those
parts of the NAO linked with Mediterranean tem-
perature variability. Both the MO, expressed as
either MOI or MCI, and its connection with the
NAO are best developed during winter and fade
away towards summer and recover in autumn.
During positive values of the NAOI in winter,
Greece becomes significantly cooler and drier as
northerly airflow brings cold and dry continental

Table 7. Seasonal and yearly correlation of air temperature in Greece with circulation indices. Boldface and underlined values

have a significant level of 95%

Winter Spring Summer Autumn Year
NAOI —-0.373 —0.071 —0.092 0.133 —0.098
MOI —0.553 0.063 0.101 —0.205 —0.119
MCI —0.605 0.157 0.186 0.011 0.118
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air into the Mediterranean area. The more zonal
trajectories of Atlantic heat and moisture during
negative NAO phase winters bring anomalously
warmer and wetter conditions to Greece. This
connection between Greece and the North Atlan-
tic sector is not the easternmost limit of the
NAO influence on Mediterranean climate, since
in the study of Cullen and deMenocal (2000) it
was found that the NAO extends beyond the

NAOIL, (b) MOI and (¢) MCI

north Atlantic and into the Middle East and
Turkey.

Figure10a shows that only major cold periods
(1972-1976, 1980-1984, 1989-1993, 1999-—
2000) and major warm periods (1977-1979,
1986—1988, 2001) on decadal scales can be par-
tially explained by the NAO. On the contrary,
the MOI and MCI explain a high proportion of
winter temperature variance as a result of the
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better significant correlation of winter tempera-
ture in Greece with the Mediterranean oscillation
(Fig. 10b, c). Finally, the trend analysis only
showed statistically significant rising trends for
the MOI and the NAOI.

A major conclusion here relates to the link
between the circulation indices and air tempera-
ture over Greece. Recent temperature trends
may be explained by temporal changes in some
coupled patterns of variability, principally con-
cerning winter. Thus, the observed, but not sig-
nificant, general cooling trend in Greece is linked
to a rising trend in the Mediterranean circulation
indices which is connected with the hemispheric
circulation modes of NAO.

4. Conclusions

In this study, trends of annual and seasonal air
temperatures, at the surface and lower tropo-
sphere, for the period 1955-2001, were investi-
gated with the use of three statistical tests. The
influence of regional and large-scale circulation
on the air temperature in Greece was also
examined.

Analysis of the annual and seasonal surface
temperatures at national and individual station
levels demonstrate the existence of marked var-
iations and trends in Greece.

e For individual stations, Greece exhibits a dis-
tinct overall trend in winter and summer
temperatures, statistically significant only at
a small number of stations (7-8). However,
the pattern and the spatial distribution of the
trend are different by season. Winter shows a
clear cooling trend whereas summer shows an
overall warming trend. The significant summer
warming trend seems to be mainly caused by
very high temperatures in the last four years of
the record than by a regular long term positive
trend. The absence of a distinct overall trend in
the annual values is the result of the counter-
balance of the two opposite trends in summer
and winter.

o Identification of start years of trend or changes
in annual temperature series, on a station level,
shows that a cooling trend began in the early
1960s in half of the stations. The winter cool-
ing trend in the majority of the stations began
in the early 1960s, whereas in some stations

the trend began in the early 1970s. Summer
series comprise stations with cooling trends
beginning around the late 1950s and reversing
in the late 1990s, and some others exhibiting a
warm conditions just in the last four years of
the 1990s.

e At the national scale, surface temperature
trends in Greece do not match the statistically
significant warming trends detected in annual
and seasonal values in the NH. In particular,
winter series in Greece present a clear cooling
trend, whereas, summer series exhibit an
equivalent overall warming trend, however,
both trends are not statistically significant.
As a result, the overall trend of the annual
values is nearly zero. Moreover, differences
exist in the time evolution of the annual values
after a minimum in the mid-1970s. The fol-
lowing warming trend was reduced in Greece,
compared to the respective trend for the NH.
The rapid increase in summer temperatures
during the last four years of the period
1955-2001 should be considered here.

e At the national level Greece exhibits cooling
trends in winter, spring, autumn and annual
series, which began in the period 1962-64.
A cooling trend in summer began in 1957,
and was reversed after 1997.

Comparison between Greece and the NH
shows that Greece does not follow the marked
positive trends observed in the NH. This is in
agreement with many studies that have found a
difference for Greece to the rest of Europe, in
that surface air temperature in Greece shows a
slight negative trend over the 20" century (IPCC,
1996; Mitchell and Hulme, 2000; Giles and
Flocas, 1984; Retalis et al., 1998). Even though
there is no overall warming trend at the national
scale for Greece (1955-2001), it seems that after
1997 the country has entered a warm period in
parallel to the abrupt climatic warming which
occurred in the NH since 1994. It is not surpris-
ing that the temperatures in Greece do not
closely match the overall NH trends. It is well
known that regional climate change is far from
homogeneous, due to regional and large-scale
atmospheric and oceanic transfer mechanisms.
In addition, long-term linear trends may be
obscured decadal — and shorter — scale variabil-
ity, which varies from region to region.
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Analysis of satellite temperature data for the
period 1980-2001 for Greece and the NH show:

e Greece showed a remarkable warming trend in
mean annual, winter and summer series. At the
NH scale a warming trend is also discernible
in the annual series, which is determined
mainly by the respective increasing trend in
the transitional seasons, spring and autumn.
The magnitude of the warming trend in Greece
is significantly larger than in the NH.

e The trends in the satellite series with the respec-
tive trends in the surface air temperature for the
same period (1980-2001) match quite well for
both Greece and the NH, with differences only
in winter. The NH shows a warming trend in the
annual satellite series for the lower troposphere
which is slightly lower than the surface based
temperature trends. In contrast, the satellite se-
ries for Greece show a warming trend in tropo-
spheric annual temperatures which is slightly
higher than the surface temperature trends. This
difference is due exclusively to a respective
large warming trend in winter in Greece which
is not present in NH satellite data.

Gridded pressure and mid-tropospheric geo-
potential height series for the Mediterranean
provide evidence of a significant positive trend
over the central-western part of the Mediterra-
nean mainly due to increases in winter. A general
cooling trend, though not significant, occurs
in winter air surface temperatures over Greece
which is in accordance with the increasing trend
of pressure over the area, both at the surface and
upper levels. In particular:

e The winter cooling over Greece can be attrib-
uted to an enhanced frequency of northwest
or northeast continental, dry and cold air-
flows over Greece from northern Europe and
western Russia. These are connected with the
increase of the frequency and persistence of
anticyclones over the central Mediterranean
and Balkans (Maheras et al., 1999b).

e In summer, a significant positive pressure
trend occurs in the eastern and southeastern
parts of the Mediterranean, indicating a less
frequent expansion of the low pressure that
occurs over the area and therefore a weakening
of the Etesian winds in Greece, and a subse-
quent increase of summer temperatures. This

assumption is supported by a slight increasing
trend of anticyclonic circulation types in sum-
mer over Greece, during 1958—1997 as found
by Maheras et al. (2000).

Analysis of three circulation indices (NAOI,
MCI and MOI) indicates that the behaviour of
winter temperatures in Greece are due to changes
in atmospheric circulation. Recent temperature
trends may be explained by temporal changes in
some coupled patterns of variability (the NAO and
MO), principally in winter. In particular:

e The NAOI explains a small proportion of tem-
perature variance in Greece only in winter. It is
therefore not the most appropriate index for un-
derstanding temperature variability in Greece.

e The MOI, and especially the MCI, capture a
greater proportion of the winter temperature
variance in Greece. Thus, the observed, but
not significant, general cooling trend in Greece
is linked to a rising trend in the Mediterranean
circulation indices, connected to the hemi-
spheric circulation modes of the NAO.

The link between temperature variability in
Greece and the Mediterranean pressure oscilla-
tion is very reasonable form a physical point of
view. A positive (negative) Mediterranean oscil-
lation in winter is the result of strong positive
anomalies of SLP and mid-troposphere geopo-
tential heights prevailing over the western-central
Mediterranean which induce a strong (weak)
zonal pressure gradient leading to an enhanced
(decreased) frequency of dry and cold airflows
over Greece from northern Europe and western
Russia. As a result, during positive (negative)
Mediterranean oscillation phases, winter in
Greece becomes significantly cooler (warmer).
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